Effect of material properties on a subdermal UHF RFID antenna by Chrysler, Andrew & Furse, Cynthia
Effect of Material Properties on a Subdermal UHF 
RFID Antenna 
 
Andrew Chrysler, Student Member, Cynthia Furse, Fellow, Kaitlin Hall, Student Member, Youchung Chung, Senior 
Member 
 
Abstract— This paper explores a subdermal RFID antenna at 918 
MHz. The antenna, made from ink encapsulated in thin sheets of 
biocompatible PET, is designed to be implanted in the fat layer just 
below the skin, with the muscle acting as a lossy ground plane. The 
antenna is a patch that uses a T-slot for matching. Three materials 
are tested – aluminum tape, ELCOAT ink, and inkjet printing. The 
effect of antenna conductivity and the properties of the fat/skin and 
muscle layers are explored. The ELCOAT ink performs very 
similar to the aluminum, but the inkjet printing creates a very thin 
layer that is subject to skin depth effects. This RFID antenna 
provides a good proxy for next generation work on subdermal 
antennas. It demonstrates that the fat layer can sufficiently insulate 
the antenna to enable subdermal applications, and that the muscle 
acts like a sufficient ground plane, but without the challenges of a 
PEC ground plane very near the antenna. The antenna could also 
be used on the skin surface if the impedance is properly tuned.  
Index Terms—Implantable Antennas, TattooAntennas, RFID, 
conductivity 
I. INTRODUCTION 
As personalized healthcare and miniaturized sensors enable 
monitoring and data acquisition of biological signals at the skin 
surface, passive RFID technology provides a battery-free 
telemetry option that links healthcare to the internet of things 
[1]. Some high frequency (HF) RFID (13.56 MHz) work in this 
area includes glucose monitoring [2], orthopedic implant 
identification [3], and aortic pressure sensors [4]. Passive 
ultrahigh frequency (UHF) (865-956MHz) RFID has recently 
been considered for implantable communication applications 
due its longer read distances. It is also low-cost, convenient in 
size, battery free, and able to be seamlessly integrated into real-
time healthcare monitoring applications [5].  
Epidermal RFID tags placed on the skin surface are part of a 
trend of wearable electronics [6]. These are called tattoo tags [7], 
and have found use as temperature sensors [8], strain sensors [9], 
and more. These and other RFID antennas have been 
manufactured at economies of scale using conductive ink, where 
the reduced conductivity of the ink produces mild reduction of 
antenna performance [7, 10-13]. When antennas are placed on 
the surface of the body, the body (particularly the highly 
conductive muscle) acts like a lossy ground plane and requires 
careful tuning of the antenna [14]. This is similar to the design 
of RFID antennas for placement on metal objects [15-17]. RFID 
tags have also been used extensively inside the body, 
particularly providing identification for pets and livestock, using 
very small coil antennas with limited range.  
 This paper describes a passive RFID antenna that is 
implanted just under the skin, injected or tattooed in the semi-
insulating fat layer [18]. It builds on previous RFID experience 
in many ways while diverging in others. Unlike existing 
epidermal ‘tattooed’ antennas that are printed on plastic stickers 
that adhere to the more design flexibility than the tiny coils used 
for today’s skin surface, the antenna in this paper is designed to 
be injectable below the skin, in the fat layer, more like a 
traditional tattoo. The materials used for this are antenna include 
inks and paints that could conceivably be injected under the skin. 
Current work in polymer engineering is underway to develop an 
injectable nanocomposite hydrogel that is initially a fluid but 
turns to a solid at body temperature,[19-21] and the materials 
used in this paper are good proxies for this up-and-coming new 
material. Subdermal antennas can be much larger, and have 
implantable RFID tags. Much existing RFID design experience 
with printed (imperfectly conducting) materials applies to the 
inherent imperfect conductivity of injectable materials. The 
design of RFID antennas over metal objects applies as well, as 
in our case, the muscle forms an imperfect, lossy ground plane 
for the antenna in the fat just above it. 
 This paper is an initial study of the effect of the various 
materials on the antenna performance--the imperfectly 
conducting injectable conductor making up the antenna, the 
imperfectly insulating fat that surrounds it, and the imperfectly 
conducting ground plane of the muscle below it. This work 
focuses on a fully implantable, subdermal UHF RFID antenna 
designed to cover the US (915MHz) and Korean (920MHz) 
RFID frequency bands. 918MHz is used for the simulations. 
This antenna uses an embedded T-match feed similar to [7, 22, 
23]. Section II of this paper focuses on the effect of the material 
properties of the antenna by using two different inks that emulate 
injectable materials. The printed ink is very conductive (up to 
2.22 x 107 S/m), but the skin depth exceeds the fabricated 
antenna thickness leading to losses. The other ink (ELCOAT) is 
less conductive (105 S/m) and thick enough that skin depth 
losses are negligible. Both inks provide insight into constraints 
that injected tattoo antennas will face. Section II also examines 
the effect of the material properties of the surrounding fat/skin 
(relatively low loss, acting as a sub and superstrate) and muscle 
(relatively high conductivity, acting as a lossy ground plane) 
[24-26]. Section III describes the fabrication and measurement 
of the antennas. Section IV describes how impedance tuning the 
T-slot can improve the match between the antenna and RFID 
chip. 
II. EFFECT OF MATERIAL PROPERTIES – ANTENNA DESIGN AND 
SIMULATION 
This RFID antenna shown in Figure 1 is similar to the T-slot 
antenna from [7, 23]. It is designed for conjugate match with an 
Higgs 2 RFID IC strap manufactured by Alien [27] which has a  
Accepted version: Andrew Chrysler, Cynthia Furse, Kaitlin Hall, Youchung Chung, “Effect of Material Properties on a 
Subdermal UHF RFID Antenna”, IEEE Journal of RFID, 1(4), pp. 260-266, 2018 
 
nominal complex impedance of 11.7 – 132jΩ at 918 MHz. To 
maximize read range [28], the antenna is tuned for maximum 
power transfer by adjusting the dimensions of the slot. The 
antenna is coated in a 0.1 mm PET envelope for biocompatibility 
and electrical insulation [29], has pointed ends to slightly 
improve the bandwidth, and is designed to operate in the fat 
layer under skin, as shown in Figure 2.  
A. Effect of Antenna Conductivity 
The conductive material the antenna is made of carries the 
surface current that produces the radiated fields, and is therefore 
critical to its performance and efficiency. Ideally, the highest 
conductivity material would be used. For an antenna that is 
injected or tattooed under the skin, there may be significant 
reduction in conductivity due to spreading out of the conductive 
material, incomplete connectivity due to surrounding biological 
material, etc. Reduction in conductivity alters the antenna 
performance, typically increasing its return loss, lowering the 
resonant frequency and increasing the bandwidth. Antennas 
with conductivities as low as 5 x 102 S/m have been proposed  
[30]. In this research, two different conductive inks were used 
as proxies for injectable biocompatible materials with similar 
conductivities. The first ink is ELCOAT, a thick paste made 
with conductive silver flakes that is easily painted to create the 
antenna shape. It has a conductivity of 105 S/m and can be 
spread with a thickness of approximately 100 µm. The second 
is silver ink that is inkjet printed by NovaCentrix [31]. This 
printing has a nominal thickness between 0.75 and 1 µm, and 
sheet conductivity between 60 and 70 mΩ/square, giving it a 
conductivity between 2.04 x 105 and 2.22 x 107 S/m. Although 
the ink is highly conductive, it is so thin that at 918 MHz the 
skin depth is larger than the ink thickness [32]. 
This RFID antenna is designed to operate underneath the 
skin, in the fat layer with muscle below. In the body the skin 
and the muscle are rather conductive, while the fat is somewhat 
insulating. This creates an environment that is 
electromagnetically similar to a microstrip antenna above a 
lossy ground plane. Table 1 summarizes the properties of the 
materials used in this work. 
Table 1 Properties of materials at 918 MHz 








 3.5 x 107 70 µm 2.8 µm 
NovaCentrix 
[31] 
 2.04 x 105 
--2.22 x 107 
0.75 – 1 µm 3.52 - 36.7 
µm 
ELCOAT [33]  1 x 105 100 µm 52.5 µm 





Skin [24-26] 46.7 0.68 0.062 mm 20.1 mm 
Fat [24-26] 11.6 0.081 8.00 mm 58.4 mm 
 
Fig. 1 Simulated and fabricated RFID antennas. The antennas are symmetric 
with L = 100 mm, L’ = 5 mm, W = 15mm, and W’ = 7.5 mm. a) Simulated 
antenna b) Aluminum tape (for comparison) c) ELCOAT conductive ink 
(painted) d) NovaCentrix inkjet printed 
The antenna in Figure 1(a) was simulated in the skin-fat-
muscle environment shown in Figure 2 using full wave 
simulation from CST. The antenna was excited by a 50 Ω 
discrete port, but its connection to the Higgs IC was simulated 
by calculating the S11 using (1), where ZA is the antenna 
impedance, ZIC is the chip impedance (=11.7 – 132jΩ) and 𝑍𝐼𝐶
∗  
is its complex conjugate. 




)      (1) 
The S11 was calculated as the conductivity of the antenna was 
varied from 102 to 107S/m, as shown in Figure 3 and 
summarized in Table 2. When the conductivity is above 105 
S/m, the antenna performs very similar to if it is copper. 
Between 102 and 105 S/m the performance degrades 
significantly. As the conductivity decreases the resonant 
frequency decreases, the bandwidth increases (as expected from 
[34]), and the return loss increases.  
 
Fig. 2 Simulation model of the RFID antenna shown in Figure 1, embedded in 
the fat layer. The antenna (0.07mm thick) is coated with 0.1mm of insulating 
PET. The bottom of the coated antenna is 1mm below the surface of the skin.  
Table 2: Simulated effect of antenna conductivity on S11, resonant frequency 
and bandwidth. The slot size is a = 25 mm and b = 1 mm, and S11 is calculated 






S11 [dB] 3 dB Bandwidth 
[%] 
102 563 -2.51 -- 
103 768 -3.11 7.3 
104 868 -5.02 16.0 
105 902 -7.53 15.2 
5.8 x 107 (Copper) 917 -10.45 13.7 
 
 
Fig. 3. Simulated S11 of antenna in Figure 1(a) in the environment shown in 
Figure 2 as the conductivity of the antenna is varied. The simulated antenna is 
assumed to be excited by a Higgs 2 IC. As the conductivity decreases, the S11 
deteriorates, the resonant frequency decreases, and the bandwidth increases. 
Antennas with conductivity as low as 102 S/m may be useful in some 
applications. 
B. Effect of Fat andMuscle 
To examine the effect the biological tissues play in antenna 
performance, three simulations were performed and compared 
to the initial simulation environment shown in Figure 2. First, 
the PEC antenna was moved to the skin surface rather than 
being imbedded in the fat. The S11 for this case is similar to the 
initial simulation with the antenna imbedded in the fat, but the 
center frequency is shifted upwards from 918 MHz to 1.31 
GHz. At 1.31 GHz the antenna impedance is 9.53 + j91.8 Ω. 
This detuning is caused by two things -- the additional 
separation between the antenna and muscle and the radiated 
fields being in air rather than partly in fat. The T-junction could 
be used to re-tune the antenna and bring the resonant frequency 
back to the desired band. 
A second experiment was moving the antenna to the 
junction between the fat and muscle. In this case, the center 
frequency remains constant, but the S11 is reduced to -2.0 dB. 
This is caused by closer contact with the more lossy muscle. 
When the antenna is placed on the muscle, the impedance at 
918 MHz resonance is 61.9 + j 83.7 Ω. Recall that this antenna 
does not directly short out against the muscle because of the 
plastic coating. A third experiment was to change the properties 
of the muscle to those of PEC with the PEC antenna imbedded 
in its original position in the fat layer. The center frequency is 
shifted slightly upwards from 918 MHz to 944 MHz, but the S11 
is greatly improved to -40.5 dB and the impedance is 10.9 + j 
128.9 Ω. From these simulations, it becomes clear that the 
muscle is acting as a ground plane, albeit a lossy ground, for the 
antenna and that the deep implantation of the RFID tag can 
result in significant reduction in antenna performance. Placing 
the antenna directly on muscle greatly increases the real 
impedance, which detunes the antenna significantly. When the 
antenna is placed on skin or the muscle properties are changed 
to PEC the real impedance is close to 10 Ω which improves the 
return loss.  
III. FABRICATION AND MEASUREMENT 
To validate the simulations from Section II, antennas shown 
in Figure 1(b-d) were fabricated and tested. The antenna in 
Figure 1(b) was fabricated using aluminum foil tape (σ = 3.5 x 
107 S/m, thickness of 0.07 mm) cut by hand and affixed to a PET 
lamination film 0.1mm thick. The aluminum was used simply to 
have a comparison between the inks and a highly conductive, 
solid antenna. It was not considered as a viable biocompatible 
option. The antenna in Figure 1(c) was  fabricated using  
ELCOAT conductive paste (σ = 1 x 105 S/m, thickness 
approximately 0.1 mm [33]). Thickness was determined using a 
caliper accurate to 0.01mm. The ELCOAT paste was applied 
using a template onto the PET lamination film. The antenna in 
Figure 1 (d) was inkjet printed by NovaCentrix (σ approximately  
2 x 105 – 2 x 107 , thickness approximately 0.75 – 1 µm [31]). 
Each antenna was designed for a center frequency of 918 MHz 
by simulating the material using the properties in Table 1 and 
adjusting the slot size (a and b seen in Figure 1) to give the best 
S11 at 918 Mhz. These tuned slot dimensions given in the figure. 
The CST simulation results for S11 for the aluminum and 
ELCOAT antennas are shown in Figure 6. After each antenna 
was laid out onto the lamination film, a Higgs 2 RFID chip was 
placed across the terminal gap and affixed using ELCOAT 
paste. The functionality of the chip was verified using a 
handheld reader, and then the antenna assembly was passed 
through a laminating machine. The lamination process heats the 
PET film and affixes the antenna between the sheets creating a 
fully sealed, biocompatible envelope less than 0.3mm thick.  
The biological environment was approximated during 
measurement by placing the antenna on top of a block of pork 
loin meat (approximating muscle) at room temperature. The 
pork was approximately 60x120mm and 40 mm thick. A thin 
slice (approximately 2mm thick) of deli meat (containing more 
fat than the pork) was placed on top of the antenna to simulate 
the effect of the fat and skin as seen in Figure 4.  
 
 Fig. 4. RFID antenna S11 measurement set up. The ELCOAT RFID is on block 
of pork meat and covered by deli meat approximately 2 mm thick. There is a 
small window for measurement using a two-prong probe. 
The return loss of the antenna at 918 MHz was measured 
with an Agilent E5071B Vector Network Analyzer. To connect 
the antenna to the analyzer, a two-prong probe was built that 
could be held across the gap where the Higgs 2 strap would be 
placed during RFID operation. The probe was made from a piece 
of semi-rigid coax with the inner conductor protruding to act as 
one part of the probe, and a piece of wire soldered to the external 
rigid shield to act as the other probe. A comparison of the 
simulated and measured S11 of the antennas is shown in Figure 
6. The ELCOAT and aluminum antennas are very similar, 
indicating that ELCOAT is sufficiently conductive to be used 
for this type of antenna development. A simulated PEC antenna 
is shown for comparison, although it should be noted that the 
properties used for the biological materials (Table 1) may not be 
exactly the same as those used for measurement. The 
NovaCentrix inkjet printed antenna is thinner than the skin 
depth, so we adjusted the conductivity of the simulated antenna 
until it performed approximately the same as the NovaCentrix 
antenna. This gives an approximate effective conductivity of 103 
S/m for the inkjet printed antenna.  
As discussed in Section II, the antenna is designed to have a 
large inductance and small resistance at 918 MHz in order to 
create a complex conjugate impedance match to a Higgs 2 IC 
(Z=11.7 – 132jΩ). The impedance of each antenna and its 
resonant frequency is given in Table 3. The NovaCentrix and the 
low conductivity metal have different slot sizes, but both have 
very large resistance at the design frequency. The other high 
impedance antennas have lower resistance, and the PEC antenna 
has the lowest resistance. All antennas have a large inductive 
component. As seen in Table 3, the slot dimensions can be 
readily adjusted to match the imaginary part of the impedance 
quite well, regardless of the material used. The real part of the 
impedance is more difficult to control. The lower loss materials 
(e.g. PEC) have lower real part of the impedance, which better 
matches the RFID chip. Thus, methods that improve the real part 
of the match would be beneficial for higher loss materials. Also, 
the frequency for each antenna can be adjusted by changing the 
overall size of the antenna, which was not done in this paper, 




Table 3. Impedance of simulated and RFID antennas shown in Figure 1. These 
antennas were designed to conjugate match to a Higgs 2 RFID IC (Z=11.7 – 
132jΩ). Antennas were measured on pork as described above. 
Antenna Slot Size (a 










21 x 0.5 68.4 + j126 889 
Aluminum Tape 
Measured 
25 x 0.5 32.6 + j126.2 905 
ELCOAT Ink 
Measured 
25 x 0.5 35.5 + j124.0 915 
NovaCentrix 
Measured 
26 x 2.0 62.8 + j100.7 900 
 
The read range of the RFID tags was measured in a hallway 
in the engineering building at Daegu University to approximate 
a rich multipath environment as seen in Figure 5. An Alien 9800 
reader at 1 W was connected to two 6 dBi antennas to read the 
RFID antenna. The antenna was placed in the pork/deli meat 
proxy for the body and slowly moved toward the reader antennas 
until a positive read was verified. Maximum average read range 
was 109 cm for the aluminum antenna and 101cm for the 
ELCOAT antenna. The NovaCentrix inkjet printed antenna was 
not tested for read range. 
 
Fig. 5. RFID read distance measurement setup in a multipath environment of a 
hallway in the engineering building at Daegu University. 
 
Fig. 6 Comparison of S11 for the RFID antennas shown in Figure 1 when matched 
to a Higgs 2 chip. The ELCOAT and aluminum antenna behave very similarly. 
The NovaCentrix antenna behaved similar to a simulated antenna with σ=103 
S/m. 
IV. T-SLOT MATCHING 
The dimensions of the slot are important to the operation of 
this antenna and may be tuned to improve performance. The 
NovaCentrix inkjet printed antenna was used for this 
experiment, because it has the best ability to precisely control 
slot size. Figures 7-10 show the real and imaginary impedance 
variance and S11 for several slot dimensions.  
 First, the antenna impedance is tuned by keeping slot length, 
a, constant at 25 mm while the width, b, is varied from 0.5 – 2.5 
mm. As seen in Figures 7 and 8, as the slot width, b, increases 
the measured impedance and reactance of the antenna increases 
greatly. Decreasing slot width, b, increases the center frequency 
of the S11. This effect is expected based on [7]. Next, the antenna 
impedance is tuned by keeping slot width, b, constant at 0.5 mm 
and the length, a, is varied from 20-30 mm. As seen in Figures 
9 and 10, the real impedance is not affected as strongly as the 
reactance. Decreasing the slot length, a, increases the S11 center 
frequency. At the 918 MHz design frequency the slot length, a, 
appears to have less effect on the antenna tuning than the slot 
width, b. Again, this effect is also expected based on [7]. 
As the slot dimensions are closely related to antenna 
performance it is expected that there should be a considerable 
current distribution around the slot. Figure 11 shows the high 
current density around the slot during several phases of the 
wave. Both the pointed edges and the bottom of the antenna have 
low current distributions indicating that these portions of the 
antenna could be removed or reduced if desired. When 
considering injectable antennas, these current distributions 
indicate that larger conductivity is needed near the feed/slot, and 
lower conductivity could be used further from the slot. 
 
Fig. 7. Impedance of the NovaCentrix RFID antenna as slot length, a, is kept 
constant at 25 mm and the width, b, is varied from 0.5 – 1.5 mm 
 
Fig. 8. S11 of the NovaCentrix inkjet printed antenna as slot length, a, is kept 
constant at 25 mm and the width, b, is varied from 0.5 – 1.5 mm 
 
 
Fig. 9. Impedance of the NovaCentrix RFID antenna as slot width, b, is kept 
constant at 0.5 mm and the length, a, is varied from 20-30 mm. 
 
Fig. 10. S11 of the NovaCentrix inkjet printed RFID antenna as slot width, b, is 
kept constant at 0.5 mm and the length, a, is varied from 20-30 mm. 
 Fig. 11. Simulated current distribution in the PEC RFID antenna at 918 MHz. 
The current is strongest near the slot and weaker away from it. 
V.  CONCLUSIONS & FUTURE WORK 
A subdermal RFID antenna made from conductive ink is 
presented here. The materials used here are proxies for 
biocompatible inks that could be injected in the fat layer below 
the skin, with muscle below. The fat acts like a semi-insulator 
for the antenna and the muscle as a lossy ground plane, creating 
an environment that is electromagnetically similar to a 
microstrip antenna above a lossy ground plane.  
The effect of the conductivity of the antenna is considered 
using aluminum tape and two different types of conductive ink. 
The first ink, ELCOAT, has a conductivity of 105 S/m and 
performs nearly as well as an antenna made from aluminum 
tape. Both have a read distance using an Alien 1W RFID reader 
at 918 MHz of greater than 100 cm. The second antenna is made 
by NovaCentrix and is very conductive (up to 107 S/m) but 
suffers from skin effect losses. The skin effect losses cause the 
antenna to behave similar to an antenna with a conductivity in 
the range of 103 S/m. Simulations show that antennas with 
conductivity as low as 102 may be useful in some applications. 
The slot dimensions can be used to tune the impedance of the 
antenna, as demonstrated using the NovaCentrix inkjet printed 
antennas.  
This RFID antenna provides a good proxy for next 
generation work on subdermal antennas. It demonstrates that the 
fat layer can sufficiently insulate the antenna to enable 
subdermal applications, and that the muscle acts like a sufficient 
ground plane. An antenna injected in the fat this way acts very 
similar to an antenna on the skin surface, thus making it possible 
to utilize the experience with epidermal RFID tags to design 
subdermal tags as well, with some retuning via the slot. 
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